In 2008 a stream flow created a sinkhole near Park City, Utah, creating an irregular-shaped depression in the alluvium about 22 m long, 10 m wide and 6 m deep. The entire discharge of a nearby creek flowed into the sinkhole increasing the size of the sinkhole. A total of 10 GPR and 4 seismic refraction profiles were conducted to find lateral and vertical extensions of this sinkhole. Interpretation of GPR profiles reveals the top of the sinkhole and its lateral extension. The exact shape of the sinkhole and its vertical extension is not clear on the GPR profiles because the high attenuation of the EM waves due to the high water saturation at the study area. However, the seismic refraction tomograms show the exact location of the sinkhole in the X and Z directions. Three anomalies with very low velocities are shown on the tomograms corresponding to the karst/cavernous formations, which are surrounded by low velocity zones corresponding to the highly saturated soils/rocks. It is concluded that near-surface karst and other anomolous feature can be revealed by refraction tomography.
INTRODUCTION
Geophysical methods have been used to locate and evaluate subsurface sinkholes for many years. The methods include resistivity imaging, GPR, and seismic refraction tomography. In this work, I amploy both refraction tomography and GPR to find the extension of an existing sinkhole at Park City, Utah (Figure 1) .
Evaluation of sinkholes is one of the applications of seismic refraction tomography (Higuera et al., 2007; Hiltunen et al., 2007; and Waltham et al., 2005) and GPR (Zisman et al., 2005 and Nuzzo et al., 2004) . The GPR system used in Park City study has bistatic antennas of 100 MHz frequency and employs a common offset survey mode. Sledgehammer and metallic plate are used to generate P-waves. The generated P-wave is recorded at the ground surface with a group of 40 Hz P-wave receivers. Shot points are arranged to coincide with receiver locations.
This work is presented in four parts: introduction, data collection and processing, data interpretation, and summary and conclusions.
DATA COLLECTION AND PROCESSING
In this section the details for collecting and processing the GPR and seismic data are descriped.
GPR Survey
Data for a total of 10 GPR profiles were collected at the site shown in Figure 2 . The traces are collected using a Pulse-Ekko instrument with a 100 MHz Antenna using a common offset acquisition mode. The number of samples per trace is 500, the total recording time is 400 ns, the average trace interval is 10 cm, the number of stacks per trace is 32, and the profile lengths range between 14 m and 162 m.
Three filters are applied to the GPR data.
1. DC removal. This filter acts on each trace independently, where the mean value of the amplitude calculated for each trace is subtracted from all amplitude values of that trace.
2. Running average. This filter calculates the average value of trace amplitude over a 2D window in offset and time dimensions, i.e. the average is performed both over a number of traces and over a number of time samples. The filter area is centered on the current data point. In this study a 5 x 5 filter is used to smooth the data (5 traces by 5 samples).
3. AGC. To apply the automatic gain control (AGC) we first select a window length. Then the amplitude Hanafy of each sample is scaled so that the mean amplitude value of the selected window around the current sample always has the same value.
GPR data are collected in time scale. To convert it to depth scale, the GPR propagation velocity is required. In this work we used the depth to a buried sewer pipe and the two-way travel time from GPR data to find the propagation velocity, where
where, V is the radar propagation velocity, Z is depth to the sewer pipe, and T W T is the two way time over the sewer pipe.
Seismic Survey
Four refraction profiles are collected at the site ( Figure 3 ). Profile lengths and other acquisition parameters are listed in table 1. A sledgehammer hitting a metallic plate is used to generate seismic P-waves, where 15 shots are fired at each shot location and the traces recorded by the receivers are stacked together to increase the single to noise ratio. Figure 4 is a sample of the collected data, red crosses represents the picked first arrival traveltimes. First arrival traveltimes of all collected shot gathers are picked and inverted to generate the final tomograms. 
GPR Data
Figures 5a and b shows profiles number 3 and 9, respectively. Figure 5a is a sample of profiles collected away from the sinkhole location, and shows some disturbance in the GPR signals between X = 7.5 -13 m, x = 15.5 -20 m, and x = 24 -30.5 m with depths starting at 3.2 m, 3.7m, and 3.6 m, respectively. These disturbances are mainly due to different values of water saturation. Figure  5b is an example of the GPR profiles collected over or very close to the sinkhole location. In this profile, reflections from the sinkhole openings are shown as hyperbolas at x = 5.3, 6, and 11.9 m and depths 2, 6, and 4.4 m. The vertical extension of the sinkhole or saturated soil is not very clear on the GPR profiles due to the high attenuation of EM waves caused by the water saturation.
Refraction Tomography
Figures 6 to 9 show the final tomograms and the corresponding raypath images, while Figure 6 shows the tomogram (Figure 6a ) and the corresponding raypaths ( Figure  6b ) of seismic refraction profile 1. Here, no local anomalies are shown; however, the contact between the upper soils and the lower bedrock is well shown at a depth of 4 -5 m from the ground surface. Figure 7 shows the tomogram (Figure 7a and b) and the corresponding raypaths (Figure 7c ) of seismic refraction profile 2. Here, one large low-velocity zone is shown between offsets 27 m and 90 m. The top of this zone lies between the depths of 5.4 -5.7 m from ground surface, the anomaly extends to a depth of 30 m from ground surface between offsets 27 m and 62 m, and extends to a depth of 12.8 m between offsets 62 m and 90 m ( Figure  7a ). This low velocity zone corresponds to a highly saturated soil/rock with velocities ranging between 1500 and 1900 m/s. Inside this low-velocity zone, two separate very low-velocity zones (S1 and S2), most probably represents cavernous rocks, centered at offsets 36.5 m and 73.7 m and depths 12 m and 8.8 m, respectively (Figure 7b ). The velocity ranges between 1350 m/s and 1450 m/s, which is about that of water. Figure 8 shows the tomogram (Figure 8a and b) and the corresponding raypath (Figure 8c Figure 8b) ; however, the velocities of these two zones are not as low as those observed on profile number 2, and ranges between 1600 m/s and 1700 m/s. These two zones are interpreted to be partly cavernous. Figure 9 shows the tomogram (Figure 9a and b) and the corresponding raypaths (Figure 9c (Figure 9b ), which could be a cavernous zone with a velocity ranging between 1370 and 1480 m/s.
SUMMARY AND CONCLUSIONS
Two geophysical methods, GPR and seismic refraction tomography, were used to delineate the possible subsurface location and extension of an existing sinkhole. The processed GPR profiles show the presence of two different subsurface features; a) a zone of signal disturbance and b) a local velocity anomaly. The zone of signal disturbance refers to the subsurface soil that is saturated with water, and this water saturation alters the nature of the soil and the GPR signal relative to the surrounding sediments. In this study, the zones of signal disturbance absorb the EM waves and do not allow any penetration, hence, no reflection is coming from below the saturated soils, and the vertical extension of these zones can't be identified by GPR method. I believe that, the local anomaly refers to the top of a very fractured, cavernous, karst formation. The depth of investigation for the GPR survey is estimated to be 5 to 6 meters from ground surface.
A total of 4 seismic refraction profiles were also collected at the site. The seismic data were inverted and the final refraction tomograms show two subsurface features. (a) Low velocity zones, these zones correspond to the soil/rock zone that is highly saturated with water and has a P-wave velocities ranging between 1500 m/s and 2040 m/s. (b) Very low-velocity zones, which is consistant with cavernous or karst zones with velocities ranging between 1350 m/s and 1480 m/s. Five cavernous zones are shown on the tomograms; two at profile 2, two at profile 3, and one at profile 4.
Extensive subsurface mapping of the entire sinkhole is not possible because only a few seismic profiles were recoreded. GPR data gave a general view of the saturated subsurface soils, which could represent or surround highly fractured rocks. The high water content of the subsurface soils absorbed the EM wave and did not provide high quality GPR data. 
